Monitoring of marine-ecosystem status and health requires indicators of community structure and function. As a structural indicator, we propose a Phytoplankton Community Index (PCI) based on the abundance of "life-forms" such as "pelagic diatoms" or "mediumsized autotrophic dinoflagellates". To calculate the PCI, data showing seasonal variation in these abundances are plotted in "life-form space" of two or more dimensions. Data from a "type-specific reference condition" are then enclosed within a reference envelope.
Introduction
We have developed a Phytoplankton Community Index (PCI) that is designed to indicate the state of part of the pelagic ecosystem with respect to some reference condition. There are two contexts for the use of this PCI. The first arises from the Urban Waste Water Treatment Directive (CEC, 1991) and OSPAR's "Strategy to Combat Eutrophication" (OSPAR, 2003) . These policies require management action to be taken in the event of an impact defined as "an undesirable disturbance to the balance of organisms" that is consequent on nutrient enrichment and enhanced growth of primary producers. Tett et al. (2007) defined "an undesirable disturbance" as a perturbation of a marine ecosystem that appreciably degrades the health, or threatens the sustainable human use, of that ecosystem. Ecosystem health has components that include "structure" and "vigour", and the PCI is proposed as a measure of "structure".
The second context is that of the Water Framework Directive (WFD; CEC, 2000) , which defines "ecological status" as "an expression of the quality of the structure and functioning of aquatic ecosystems associated with surface waters . . .", to be measured by comparing the state of "biological quality elements", including phytoplankton, with those in a "type-specific reference condition". The PCI is intended as an indicator for the part of the phytoplankton quality element dealing with the extent of change in the "composition and abundance of phytoplanktonic taxa".
Our starting point is the assumption that an ecosystem is a "system" with an instantaneous state defined by values of a set of "system state variables". We further assume that suitable state variables are provided by the abundance of groups of species of similar "life-form", as discussed below. These variables provide the coordinates for points, defining system state, in "life-form state space" of several dimensions. However, the structure of a phytoplanktonic community in a particular waterbody is more than the average pattern of life-form abundances; a large part of phytoplankton biodiversity results from seasonal succession in species and life-forms. This aspect must be taken into account in judging ecosystem state and health, so the normal domain in life-form state space is not a point or small cluster of points, but an envelope resulting from seasonal trajectories through the space (Figure 1 ). Our method is to establish this envelope for reference conditions relevant to a waterbody, then to measure change by overplotting comparison data and calculating the proportion of new points that remain inside the reference envelope. Theoretical considerations suggest that, if lifeforms compete for nutrients while experiencing strong seasonal changes in illumination, the envelope should be a "ring doughnut" in two-dimensional space, and this is how it is shown in Figure 1 . Exactly what sort of cake the envelope is like is, however, not crucial to our argument. Figure 1 also presents the idea that a healthy and therefore resilient ecosystem quickly returns to its "natural" state after a small perturbation, whereas a larger perturbation can result in a shift to a new stable state: see Tett et al. (2007) .
The theory supporting the use of life-forms has been developed by Margalef (1978) , and by those influenced by his ideas, including Pingree et al. (1978) , Bowman et al. (1981) , and Jones and Gowen (1985) . More recently, Le Quéré et al. (2005) proposed life-forms based on functional biogeochemistry for use in global ocean models, and Escaravage et al. (1999) and Escaravage and Prins (2002) developed an empirical categorization based on observations in mesocosms. Arguments in favour of assigning species to life-forms based on taxonomy, biogeochemistry, response to physical environment, and susceptibility to grazing have been set out by Tett et al. (2003) , and this provides the background to the categorization used here. A somewhat different categorization that takes more account of morphology (especially cell or colony shape) has been developed for fresh-water phytoplankton by Reynolds (1996) and Reynolds et al. (2001) and applied to marine dinoflagellates by Smayda and Reynolds (2001) .
We applied the PCI method to three datasets, with objectives of: (i) comparing PCI values obtained from weekly sampling in a relatively undisturbed area with those obtained from monthly data; (ii) testing the method in a waterbody where there has been a substantial change, of unknown cause, in phytoplankton; and (iii) investigating spatial differences in a region of nutrient gradient.
Material and methods
The phytoplankton data used came from three sources, all involving Lugol-preserved water samples. The first set (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) is derived from weekly sampling by the Scottish Government's Fisheries Research Service (FRS) of a single station 3 km from the Scottish east coast near Stonehaven in a well-mixed water column of 50-m depth (bottle samples were taken from the upper 10 m). Although nutrients are moderately high as a result of inflow of Atlantic water into the North Sea, there is no reason to think that conditions at this station are disturbed, and for reference conditions, we have simply used the first few years of the time-series. Figure 1 . Schematic of the doughnut-shape of the envelope encompassing the state space of two life-forms representing the planktonic community experiencing natural seasonal and interannual variation and the potential excursions of these states upon disturbances caused by external drivers (modified from Tett et al., 2007 Lightly silicified, fully pelagic diatoms, mainly centrics, e.g. Skeletonema, Thalassiosira, Chaetoceros, Leptocylindrus
Weed diatoms (p6) Members of the former genus Nitzschia, including Pseudo-nitzschia and Cylindrotheca, called weeds because they came to dominate microcosm experiments by Jones et al. (1978) -
Tychopelagic diatoms (p5) Proposed by Smetacek (1986) for heavily silicified forms kept in suspension by turbulence
Medium sized (20 -50 mm) autotrophs (and myxotrophs) e.g. Gonyaulax, Scrippsiella, Dinophysis
Big dinoflagellates (p2) Large (.50 mm) autotrophs and myxotrophs, mainly Ceratium
The second set (1979 -1981; 2006/2007) was derived from sampling carried out at several positions in Loch Creran, on the west coast of Scotland. Samples were taken either with a water bottle at a depth of 1 m from a pier, or using ship-lowered water bottles at depths between 0 and 10 m, or with an integrating 10-m tube lowered from a small boat. Descriptions of the loch, Use of a Phytoplankton Community Index to assess the health of coastal waters its pelagic state at various times, and sampling methods, have been published elsewhere Tett et al., 1981 Tett et al., , 1985 Tett, 1986 Tett, , 1987 Laurent et al., 2006) . Creran is a shallow fjord in which haline stratification persists throughout most of the year, and exchange with the sea results from tidal exchange and an estuarine circulation. The fjord has been sampled intensively through the 1970s, and we consider it to have been in a near-pristine condition at this time. Phytoplankton data from the period 1979-1981, and nutrient and chlorophyll data from 1975, have been used as reference conditions. During recent years, the loch has held a salmon farm of 1500 t consented annual production and it is now a recognized "shellfish water" with increasing production of cultivated mussels and oysters. Although a relatively small increase in dissolved nitrogen and phosphorus might be expected as a result of farm input in recent years, observations (Laurent et al., 2006) have not revealed a significant difference between these nutrients in 1975 and in 2003, but have shown a marked decrease in chlorophyll concentration over the same period.
The third set is derived from samples taken at many stations in the eastern Irish Sea by various organizations on behalf of the UK's Department for Environment, Food and Rural Affairs (Defra) and the Environment Agency (EA) of England and Wales. For purposes of reporting to OSPAR, the near-coastal waterbody of Liverpool Bay is distinguished from mostly offshore waters of the northeastern (NE) Irish Sea, and we used these OSPAR areas for grouping the phytoplankton data. Both areas are nutrient-enriched by rivers and by direct discharges from coastal development. We used the less-enriched offshore waters of the NE Irish Sea as a (spatial) reference condition for the more-enriched Liverpool Bay (in particular adjacent to the Mersey). Phytoplankton data (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) were extracted from the EA database, excluding samples from transitional waters, i.e. estuaries.
Except for the Stonehaven data, which were already aggregated in diatoms and dinoflagellates, the raw data (by species or lowlevel taxa) were processed by Matlab scripts to give cells per litre by life-form categories (Table 1) . Further Matlab scripts were written to plot abundances into life-form space after log 10 (x þ z) transformation, where x is abundance and z is half the least abundance recorded for that life-form. Logarithmic transformation was needed to make variance independent of mean, and the addition of z avoids errors when x is zero.
In principle, "life-form space" consists of as many orthogonal dimensions (axes) as there are life-forms to consider. In practice, we used sets of Cartesian plots in two-dimension, and dealt with life-forms pairwise when there were more than two. First, a reference set of data was plotted onto these surfaces. An envelope was drawn around each two-dimensional reference plot using a "convex hull" method (Weisstein, 2006) , and another one was drawn inside the plots by the same method after inverting the cloud of points about their centre. The centre was uniquely defined by the coordinates of the median of each life-form, and the internal envelope surrounds the empty space that in theory exists at the centre of each set of seasonal trajectories. Mapping thus the "hole in the doughnut" increases the potential sensitivity of the PCI method to change, but it is not crucial. If no true empty space exists in a given cloud of points, the inner envelope shrinks to a tiny region around the cloud centre.
The PCI resulted from a comparison between new data and this reference envelope. New data were plotted into the same space, and the value of the index was calculated as PCI ¼ new points between inner and outer envelopes total new points :
Thus, a PCI of 1 shows no change from the reference condition, and a PCI of 0 shows a complete change. The significance of a value was calculated by an exact binomial test, which evaluated the probability of finding 0.95 or more of new data between the envelopes. When there were many data, a Chi-squared approximation was used. Further details of life-forms and plotting methods are given by Tett (2006) . We are still exploring the best way to combine PCI values obtained from more than one pair of life-forms, or to estimate the significance of a combined value. In this paper, therefore, all values for PCIs derive from pairs of life-forms, and several values are reported when we used data for more than two life-forms. Nutrient and total chlorophyll (Chl a and b þ Chlorophyllide c; excluding Phaeopigments) data were collected by routine UK monitoring programmes in the eastern Irish Sea and as part of the Stonehaven time-series by FRS. Comparable data from Creran were, mostly, obtained during PhD research projects (Jones, 1979; Laurent et al., 2006) . Values of these indicators are given in Table 2 as upper 90 percentiles to allow comparisons of typical maximum values.
Results
The Stonehaven data have been used to explore the effect of sampling frequency on the value of the PCI. We used three sets of data: the actual time-series with weekly resolution, a time-series obtained by averaging weeks within months, and a monthly sampling series simulated by picking one sample in four at random (Figure 2) . Figure 3 shows the results. The greater variability evident in the weekly data (Figure 3a , b) resulted in more extensive reference envelopes. Consequently, more new points fell within these envelopes, leading to a higher value of the PCI (0.93) than was the case for the two monthly series (0.86 for the averaged data in Figure 3c and 3d, and 0.68 for the subsampled data in Figure 3e and 3f) . However, the result shown in Figure 3e and f is just one of many possible realizations, differing in both the reference condition envelopes and the new data. Repeated random selection gave a PCI range from 0.95 to 0.68, with just over two in three realizations proving significant.
The "flat bottom" (and vertical left sides), apparent in Figures 3a, 3b , 3e, and 3f, suggests insufficient dynamic range in the data, implying that it would be desirable to examine a larger volume of water during winter, to get a better estimate of abundance during periods of low phytoplankton biomass. Averaging the data over a month improved this, as shown in Figures 3c  and 3d . Because the resulting reference envelope was smaller, the analysis was more sensitive to deviations in the new data, giving a lower and more significant value of the PCI (Table 2) .
Observations in Loch Creran show marked changes between phytoplankton in the 1970s and the 2000s. Results are presented here only for pelagic diatoms and medium-sized autotrophic dinoflagellates (Table 1 ). Figure 4 shows a large and highly significant change in the balance between these life-forms when modern times are compared with the reference condition in the period [1979] [1980] [1981] . Despite apparent lack of change in nutrients, and no evidence of shifts in the N:Si ratio, the dinoflagellates have become relatively more abundant. Diatoms have become less abundant, especially in spring. The diatom Skeletonema costatum, which dominated the spring bloom in all years between 1972 and 1982, decreased in numbers by more than an order or magnitude during March and April. Along with the diatom decrease has gone a substantial reduction in chlorophyll concentration (Table 2 and Laurent et al., 2006) .
The results in Figure 5 for the eastern Irish Sea use a spatial rather than a temporal reference. Although both waterbodies are nutrient-enriched, that of Liverpool Bay is more enriched, and has higher chlorophyll (Table 2) . In this case, we have been able to use data for three pairs of life-forms, but none of the three resulting values of the PCI showed any significant difference between the NE Irish Sea and Liverpool Bay. Table 1 ) as observed in the more enriched waters of Liverpool Bay plotted relative to these envelopes, using all available data (1991 -2005) : (a and b) "pelagic diatoms" (p4) vs. "autotrophic dinoflagellates" (p1), (c and d) "heterotrophic dinoflagellates" (p3) vs. "big dinoflagellates" (p2), and (e and f) "weed diatoms" (p6) vs. "tychopelagic diatoms" (p5) vs.
Discussion
Stonehaven coastal waters (Table 2) have winter nutrient concentrations towards the top end of the natural range in UK coastal waters, owing to their proximity to the Atlantic inflow to the northern North Sea. Maximum chlorophyll is low, however, which may be due to the low mean light available for phytoplankton growth in tidally stirred coastal waters. The life-form PCI has indicated little change between the periods 1997-1999 and 2000-2005 in these comparatively pristine coastal waters, although this may be due to the relatively short time-series available for analysis. As studies with the Continuous Plankton Recorder have shown (Brander et al., 2003) , climate change effects would be better revealed by multi-decadal data.
Loch Creran is considered to have been in a near-pristine state during the 1970s, with low maximum nutrient concentrations but high chlorophyll because of nutrient re-supply by the estuarine circulation . Despite the presence of a salmon farm, winter nutrients have not shown a significant change between 1975 and 2003, whereas chlorophyll has decreased significantly, for unknown reasons (Laurent et al., 2006) . The PCI indicates a highly significant change in the "balance of organisms" in this loch between 1979-1981 and 2006/2007 . Although this change is in the direction expected from eutrophication (a shift towards dinoflagellates), it is associated with a decrease in chlorophyll concentration, whereas there has been no significant change in nutrients. Therefore, it may be better explained as a loss of diatoms and a consequent shift towards dinoflagellates. Whatever the ultimate cause of the changes in Creran-and it does not appear to be nutrient increase-the PCI clearly shows a marked change in the "balance of organisms" of the type associated with eutrophication. A further point is that, although a high-frequency time-series was used to generate the reference envelope, the change was evident despite the sparse sampling during 2006/2007. In the comparison between the NE Irish Sea and Liverpool Bay, the latter has higher winter nutrients and greater maximum chlorophyll and has demonstrably suffered the first two stages (nutrient enrichment and enhanced biomass) of eutrophication, but appears not to have suffered "undesirable disturbance" (Gowen et al., 2008) . The PCI results support this conclusion, showing no significant difference in plankton community structure between the less-enriched outer and more-enriched inner waters of the eastern Irish Sea. Much of the eastern Irish Sea is a "region of freshwater influence" (as defined by Simpson, 1997) , with alternating periods of intermittent haline stratification and mixing, and variable physical transports. Perhaps we failed to detect a difference because the PCI reference envelope was large as a result of high physical variability in this region. Alternatively, perhaps phytoplankton community structure has not been perturbed by nutrient enrichment because it was already adapted to the high natural variability in this region.
These findings result from the first application of the PCI method to phytoplankton in coastal waters. We have shown that the index responds appropriately to small changes (Stonehaven) and large changes (Loch Creran) in phytoplankton composition, and we have gained some insights into the data needs of the method. For example, the Creran results suggest that the extent of change can be established with few new data so long as the reference envelope is well defined. However, comparing results from weekly data and month-averaged data from Stonehaven shows that more frequent sampling is not an entirely good thing for defining a reference envelope, because it increases the chance of including especially high or low abundances for a life-form, so broadening the envelope. It might therefore be better to define an envelope for 90 or 95%, rather than 100%, of the reference data.
The PCI is intended as an index of biological quality for the WFD and an index of ecosystem health in the context of eutrophication. Because it is in itself only an index of change away from a reference condition, it will need calibration for use in the management of environmental quality. We need to be able to relate the PCI, as an indicator of change in ecosystem state, to changes in environmental pressures such as increased nutrient loading. Such a relationship might be developed empirically by analysing further time-series from other sites covering a larger range of values for various pressure indicators. However, further development would be facilitated by having a theory that predicts reference envelopes for particular eco-hydrodynamic water types, i.e. in relation to the physical environment and undisturbed levels of nutrients and grazing. Tett and Lee (2005) used a one-dimensional physical-biological model to suggest how this might be done for the seasonally stratified waters of the northern North Sea.
